Repeat XBT transects made at near-fortnightly intervals in the Lakshadweep Sea (southeastern Arabian Sea), and ocean data assimilation product are examined to describe the year-to-year variability in the observed near-surface thermal inversions during the winter seasons of [2002][2003][2004][2005][2006] 
Introduction
The Lakshadweep Sea situated between the southwest coast of India and the Lakshadweep Island Chain in the southeastern Arabian Sea (Fig.1 ) exhibits strong variability in the near-surface hydrography and circulation under the influence of seasonally reversing monsoons (Cutler and Swallow 1984; Shetye et al, 1991) . During winter (November-February) occurrence of near-surface thermal inversions in the Lakshadweep Sea is a well documented phenomenon in the literature (Thadathil and Ghosh 1992; Shankar et al. 2004; . These thermal inversions show amplitudes typically in the range of 0.25 0 C -1.0 0 C and occur in the depth range of 10m -80m . These inversions begin to appear during October-November and their population reaches its peak during January-February.
The formation of thermal inversions suggests confluence of different water masses in the Lakshadweep
Sea and is primarily attributed to the vertical salinity stratification. In winter, the intrusion of low salinity and cooler waters from the Bay of Bengal, through the East India Coastal Current and Winter Monsoon Current, is responsible for strong salinity stratification in this region (Cutler and Swallow 1984; Johannessen et al. 1987; Shetye et al. 1991 Shetye et al. , 1996 Sivakumar 1999, 2003; Shenoi et al. 1999; Prasanna Kumar et al. 2004; . Intrusion of these low salinity waters results in the formation of a barrier layer (a layer embedded between top of the thermocline and bottom of the surface mixed layer) in the Lakshadweep Sea (Sprintall and Tomczak 1992; Rao and Sivakumar 1999; Durand et al. 2004; Masson et al. 2005) . Using an ocean general circulation model, Durand et al. (2004) have shown that the heat trapped within these thermal inversions makes a significant contribution in increasing the SST at least by 1.1 0 C during November-March contributing to the seasonal buildup of the warm pool in the Lakshadweep Sea. Masson et al. (2005) , using a coupled general circulation model, demonstrated that the lack of heating associated with the barrier layer in Lakshadweep Sea results in late onset of summer monsoon. Another study by Masson et al (2002) has shown that barrier layer enhances the spring SST warming and leads to a statistically significant increase of precipitation in May linked to an early monsoon onset.
The remote forcing is also well known to play an important role in the dynamics of the Lakshadweep Sea through the propagation of coastal Kelvin waves that trigger westward propagating Rossby waves (McCreary et al. 1993; Shankar et al. 2002) . During January-February the near-surface isothermal layer is also deeper due to downwelling caused by the anticyclonic eddy circulation popularly known as Lakshadweep High seen in the satellite altimetry (Bruce et al. 1994; Shankar and Shetye 1997; Bruce et al. 1998) .
Associated with the East India Coastal Current and Winter Monsoon Current (shown schematically as white arrows in Fig. 2a) , a progressive drop in the sea surface salinity in the Lakshadweep Sea is clearly noticed from November to January/February. In addition, the surface waters in the southwestern Bay of Bengal are cooler by ~2 0 C compared to the temperature in the Lakshadweep Sea region (Fig.   2b ) and these currents transport relatively cooler surface waters into this region. During their passage the intruded low salinity waters encounter intense surface cooling south of the Indian tip due to strong winds that blow through the orographic gap between the Indian tip and Sri Lanka, enhancing the turbulent heat losses resulting in lowering of SST by about 1 0 C in the region south of Gulf of Mannar (Luis and Kawamura 2000) . Recently Kurian and Vinayachandran (2006) The paper is organized as follows. In section 2, the data sets: satellite derived winds, SST, surface net heat flux, currents and insitu vertical temperature and salinity profiles collected from ships and by ARGO floats and a three dimensional ocean GCM assimilation product -Global Ocean Data Assimilation (GODAS) used in this study are described. A brief description of the evolution of nearsurface thermal inversions is presented in section 3. 
Data
The repeat XBT measurement program in the Lakshadweep Sea is a major long-term observational initiative supported by the Ministry of Earth Sciences in India. Under this initiative near-fortnightly XBT surveys are being systematically organized for the first time since May 2002 using passenger ships which ply regularly between Kochi and Lakshadweep Island Chain. During each XBT survey, a minimum of 10-13 (at 50km spatial intervals) vertical temperature profiles (T7 Sippican XBT probes and MK21 data acquisition system) and 20 -25 sea surface water samples (bucket samples) are being collected (black dots in Fig. 1 depicts the XBT and sea surface salinity stations). These water samples are analyzed for sea surface salinity using Guild Line 8400 Autosal. In all, 1324 vertical temperature profiles and 1755 surface salinity samples were collected for the study region for all months and The Global Ocean Data Assimilation System (GODAS) products from NCEP are utilized to estimate heat and salt budgets of the upper 30m layer of the Lakshadweep Sea region (Behringer et al. 2004 ).
The GODAS is based on a quasi-global configuration of the GFDL MOM.v3. 
{Salinity tendency} = {Freshwater flux}-{horizontal advection term}+{vertical advection term} 
Analysis
The vertical temperature profile data are examined to describe and understand the evolution of the (6%) in W56 to a maximum of 49% (43%) in W23 ( Table 1 ). The W56 can be cited as the winter season with the least occurrence of thermal inversions among winters 2002 through 2005. In addition, it is also interesting to note that these inversions have occurred at shallower depths (~10m) and occupied thicker water column (~35m) in W56 compared to the other winters in the study (Table 1 ). The means, standard deviations and ranges (numbers in brackets) for depth of occurrence, layer thickness and amplitude of the inversions for all the five winters are also shown in Table 1 . The plausible causative mechanisms for this unusual occurrence of reduced number of thermal inversions are examined in the following sections.
Governing Mechanisms
The mechanisms of modification of the near-surface thermohaline structure in the Lakshadweep Sea due to the horizontal advection of low salinity and low temperature waters are examined utilizing the 
a. Anomalous background state of the Lakshadweep Sea
In order to understand the role of the background state of the Lakshadweep Sea, several parameters are examined. The observed evolution of TMI SST along the Kochi -Kavaratti XBT transect (shaded strip in Fig. 1 ) during September-December is examined for all the five years ( Fig. 5) . Usually a secondary warming occurs in the Lakshadweep Sea after the summer monsoon cooling (Colborn 1980, Hastenrath and Lamb, 1979) . However, perceptible differences in the secondary warming are seen among all these five years. The most noteworthy feature is the occurrence of unusually weaker 
b. Intrusion of low saline waters from the Bay of Bengal
The low salinities observed in the Lakshadweep Sea during winter are associated with both the intrusion of low salinity waters from the Bay of Bengal and unusual high precipitation. The observed variability of sea surface salinity along Kochi-Kavaratti XBT transect ( coinciding with the observed shallower isohaline layer. In broad agreement with the TMI SST (Fig.5 ) the observed composite of ARGO and XBT (Fig.12B ) temperature profiles also confirm that the secondary warming in the near-surface layers is weaker than the climatological normal (dark profiles) during
October -December 2005.
The low salinity waters that intrude from the Bay of Bengal through the East India Coastal Current and the Winter Monsoon Current determine the near-surface freshening in the Lakshadweep Sea region. In order to examine the year-to-year variability of river discharges in to the Bay of Bengal, we have used the data on monthly total river discharges for two major rivers Mahanadi and Godavary which are situated along the east coast of India (shown in Fig.1 ). Among the years, the total river discharge during by the observed relatively stronger currents during W56 (Fig. 15) . Thus it is clearly seen that in addition to the influence of the river discharges, the cumulative rainfall and strong local surface currents have also contributed to the observed intense freshening noticed during W56 and W34. The salt budget analysis in the Lakshadweep Sea region, using GODAS clearly confirms the above arguments. The observed variability in the salinity of the model 30m layer in the Lakshadweep Sea region in January/February is primarily determined by the horizontal advection of low salinity waters in W56 and more fresh water flux in November/December. (Fig. 16A and 16B) 
c. Intrusion of cooler waters (SST gradient between Lakshadweep Sea and the intruding

Bay of Bengal waters)
It is well known that the low salinity waters that intrude from the Bay of Bengal into the Lakshadweep Sea are cooler than the local ambient waters (Luis and Kawamura 2002) . The horizontal SST differences between these two regions, the vertical haline stratification, the strength of East India 
Summary and discussion
The thermal inversions in the Lakshadweep Sea are very common during winter and they begin to appear from November -December and peak in January -February. The strong haline stratification in During normal years, off the southwest coast of India, strong upwelling is observed (Gopalakrishna et al. 2008 ) from May to September. Following the summer monsoon months, the secondary surface warming occurs in October-November in association with the deepening of the thermocline in November due to downwelling favorable wind stress curl and propagating Kelvin waves ( 
Figure 2
Monthly mean climatology of (a) sea surface salinity (Conkright et al., 2002) 
Figure 13
Comparison of river discharges (May to November) for the rivers Mahanadi and Godavary. 
